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Introduction

• Randall-Sundrum model: solution to gauge hierarchy problem

• Precision Constraints

• expand the bulk gauge symmetry to 

• custodial symmetry preserved 

• 1st KK mass ~ 3 TeV allowed by EWPT

• Constraints on flavor sector:

• model independent analysis:  with O(1) couplings:  

Randall & Sundrum,  1999

I. INTRODUCTION

Many new ideas aiming to alleviate the gauge hierarchy problems have emerged in recent

years. The Randall-Sundrum Model (RS) [1] is a solution based on non-factorizable geometry

in a slice of AdS5 space with warped background metric,

ds2 = e−2krcφηµνdxµdxν − r2
cdφ2 , (1)

where φ is the fifth coordinate and k is the scale curvature factor. The fifth dimension is

compactified on a S1/Z2 orbifold with two three-branes located at the orbifold fixed points:

the Planck brane at φ = 0 and the TeV brane at φ = π. With the size of the extra

dimension that gives krc ∼ 11 − 12, the TeV electroweak scale in the 4D effective theory

is naturally obtained from the fundamental Planck scale through the exponential warped

factor, vEW # Mpl e−πkrc .

In the original RS model, all Standard Model (SM) fields are confined to the TeV brane.

As the natural cut-off scale on the TeV brane is low, the model exhibits dangerously large

flavor-changing neutral currents (FCNC) due to effective operators involving four-fermion

interactions. By allowing the fermion and gauge fields to propagate in the bulk [2], the

model can accommodate fermion mass hierarchy by localizing different fermions at different

locations along the fifth dimension, while having all 5D Yukawa couplings to be O(1) [3, 4, 5].

It also gives rise to novel ways to generate small neutrino masses, both of the Dirac type [3, 5]

and the Majorana type [6]. Meanwhile, the FCNC processes are suppressed compared to

the case in which all fields are confined to the TeV brane, due to the small overlap of the

lighter fermions, which are localized near the Planck brane, with the TeV brane. This is a

built-in GIM mechanism in warped extra dimensions [7, 8].

In realistic models with the bulk custodial symmetry [9] or brane kinetic terms [10], the

electroweak precision data requires the mass of the first Kaluza-Klein (KK) mode mass scale

to be at least 3 TeV. Nevertheless, constraint from the CP-violating parameter εK for the

Ko −Ko mixing gives a bound of 8 TeV with a generic flavor structure [11, 12]. In Ref. [12],

the authors impose the assumption of Minimal Flavor Violation (MFV) [13] in the quark

sector, where they assume that the only source of flavor violation is in the 5D Yukawa

matrices and that these 5D Yukawa matrices also control the bulk mass matrices. With the

MFV assumption in the quark sector, a KK mass scale can be as low as 2 TeV, allowing the
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• Randall!Sundrum model: solution to gauge hierarchy problem

• TeV brane!localized Higgs: 5D action

• 4D e"ective action

• 4D symmetry breaking scale related to 5D symmetry breaking scale 
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I. INTRODUCTION

Many new ideas aiming to solve the gauge hierarchy problem have emerged in recent years.

Randall and Sundrum (RS) [1] have proposed a solution based on non-factorizable geometry in

a slice of AdS5 space with warped background metric. The warped metric is a solution to the

Einstein equation imposing the 4D Poincare invariant,

ds2 = e−2σ(y)ηµνdxµdxν + dy2 , (1)

with a scale factor

σ(y) = k |y| , (2)

where y is the 5-th coordinate, ηµν is the metric in 4D flat space given by diag (−1, 1, 1, 1), and

k is a parameter related to the Ricci scalar and bulk vacuum energy. It is naturally of the order

of the 5D Planck scale, Mpl. Throughout this paper we adopt the convention that Greek letters

(µ, ν, ...) refer to 4D space-time indices while Latin letters (A,B, ...) refer to 5D indices. The space

along the 5-th dimension is S1/Z2. Two 3-branes are located at the orbifold fixed points: the

Planck-brane at y = 0 and the TeV-brane at y = πR.

Consider the SM Higgs field confined to the TeV brane, the five-dimensional action for the

scalar sector reads,

∫
d4x

∫
dy

√
−g δ

(
y − πR

)[
gµνDµH(x)†DνH(x) − λ

(
|H(x)|2 − v2

5

)2]
, (3)

where
√
−g is defined as

√
−g ≡

√
−detgAB , which is equal to e−4σ(y) for the RS metric; v5 is the

vacuum expectation value (VEV) of the Higgs, thus the symmetry breaking scale in 5D. After

integrating out the 5-th coordinate, the kinetic term for H(x) has a coefficient e−2πkR. In order

to get the canonically normalized kinetic term for H(x), we must perform the following rescaling

H(x) → eπkRH̃(x), and identify H̃(x) as the physical Higgs field. The resulting effective 4D action

with canonically normalized kinetic term then reads

∫
d4x ηµνDµH̃(x)†DνH̃(x) − λ

(
|H̃(x)|2 − e−2πkRv2

5

)2
. (4)

The symmetry breaking scale in the 4D effective theory, v, is therefore related to the 5D symmetry

breaking scale by

v = e−πkRv5 . (5)
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Here we have suppressed the generation indices, i = 1, 2, 3, and introduced the follow-

ing short-hand notation: In the quark sector, Ψi = Qi are the SU(2)L quark doublets,

and ψui
= ui and ψdi

= di are the SU(2)L singlet up and down type quarks; the ma-

trices (CΨ, Cψu
, Cψd

, λU , λD) = (CQ, Cu, Cd, Yu, Yd). In the lepton sector, Ψi = Li are

the SU(2)L lepton doublets, and ψui
= νi and ψdi

= ei are the right-handed (RH) neu-

trinos and the SU(2)L singlet charged leptons; the matrices (CΨ, Cψu
, Cψd

, λU , λD) =

(CL, Cν , Ce, Yν , Ye). We comment that in order to preserve tree level custodial symmetry,

we have implicitly assumed that the bulk has SU(2)L × SU(2)R × U(1)B−L gauge sym-

metry [9]. In this case, the eRi
and νRi

come from two different SU(2)R lepton doublets,

LR1i
= ν ′

Ri
+ eRi

and LR2i
= νRi

+ e′Ri
. Neutrino masses are generated by the Dirac Yukawa

couplings.

The presence of the bulk mass matrices induces non-trivial flavor structure in the RS

model. As it turns out, not all of the flavor parameters are physical. Utilizing the global

U(3)Ψ ×U(3)ψu
×U(3)ψd

symmetry of the model, one can make unitary transformations on

the bulk fermion fields to bring the bulk mass matrices into diagonal forms. The generic

anarchical assumption then requires that all elements in the 5D Yukawa matrices are O(1),

in the basis where all bulk mass matrices are diagonal. In this basis, the couplings between

the zero mode fermions and gauge boson KK modes, Gn, after the compactification, are

given by

∑

n

Gn(Ψ0†f 2
Ψ0Ψ0 + ψ0

u

†
f 2

ψ0
u
ψ0

u + ψ0
d

†
f 2

ψ0

d

ψ0
d) , (3)

where fxi
are the profiles of zero mode fermions along the fifth dimension. The effective 4D

Yukawa interactions are given by,

HΨ0f †
Ψ0λ

5D
u fψ0

u
ψ0

u + HΨ0f †
Ψ0λ

5D
d fψ0

d
ψ0

d . (4)

As a result, the 4D effective Yukawa couplings are

λ4D
U = f †

Ψ0λUfψ0
u
, λ4D

D = f †
Ψ0λDfψ0

d
, (5)

which are diagonalized to get the mass eigenstates of the zero mode fermions with the

following chiral rotations,

Ψ0 → V Ψ0, ψ0
u → Wuψ

0
u, ψ0

d → Wdψ
0
d . (6)

4

Λ > (102-103) TeV

Parameter Limit on ΛF (TeV) Suppression in RS (TeV)

ReC1
K 1.0 · 103 ∼ r/(

√
6 |VtdVts|f 2

q3
) = 23 · 103

ReC4
K 12 · 103 ∼ r(vY∗)/(

√
2 mdms) = 22 · 103

ReC5
K 10 · 103 ∼ r(vY∗)/(

√
6 mdms) = 38 · 103

ImC1
K 15 · 103 ∼ r/(

√
6 |VtdVts|f 2

q3
) = 23 · 103

ImC4
K 160 · 103 ∼ r(vY∗)/(

√
2 mdms) = 22 · 103

ImC5
K 140 · 103 ∼ r(vY∗)/(

√
6 mdms) = 38 · 103

|C1
D| 1.2 · 103 ∼ r/(

√
6 |VubVcb|f 2

q3
) = 25 · 103

|C4
D| 3.5 · 103 ∼ r(vY∗)/(

√
2 mumc) = 12 · 103

|C5
D| 1.4 · 103 ∼ r(vY∗)/(

√
6 mumc) = 21 · 103

|C1
Bd

| 0.21 · 103 ∼ r/(
√

6 |VtbVtd|f 2
q3

) = 1.2 · 103

|C4
Bd

| 1.7 · 103 ∼ r(vY∗)/(
√

2 mbmd) = 3.1 · 103

|C5
Bd

| 1.3 · 103 ∼ r(vY∗)/(
√

6 mbmd) = 5.4 · 103

|C1
Bs

| 30 ∼ r/(
√

6 |VtbVts|f 2
q3

) = 270

|C4
Bs

| 230 ∼ r(vY∗)/(
√

2 mbms) = 780

|C5
Bs

| 150 ∼ r(vY∗)/(
√

6 mbms) = 1400

Table 2: Lower bounds on the NP flavor scale ΛF for arbitrary NP flavor structure from [11]
and the effective suppression scale in RS for KK mass with MG = 3 TeV. Since the Wilson
coefficients in [11] are given at the scale ΛF , we have corrected for the renormalization group
scaling from ΛF to 3 TeV using the expressions in [23] when necessary. We have set |Y∗| ∼ 3,
fq3 = 0.3 and r = MG/gs∗.
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Flavor Sector
• SM fermions on the TeV brane

• cutoff scale ~ 1 TeV

• leads to dangerously large FCNC

• SM fermions and gauge fields in the bulk

• generate fermion mass hierarchy by wave function localization

• two sources of flavor violations:

• 5D Yukawa coupling constants

• 5D bulk mass terms

• generally independent

Gherghetta & Pomarol, 2000

UV IR

vew ∼ e−πkRMpl

ψ(0) ∼ e(1/2−c)ky

1

5D Bulk mass term
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The past week was quite packed with events. CERN TH hosted a

workshop on Monte Carlo tools but, since I'm opposed to

gambling, I'm not going to cover it here. The cherry on the top

was the series of lectures on warped extra dimensions delivered

by the better half of Randall-Sundrum. Undeniably, Lisa Randall

is one of a handful of particle physicists enjoying a celebrity

status. She is of course famous for giving us RS-1, the second

best cited paper in the history of particle theory. On the popular

science front, she has her own book that proves her good taste

for music and bad taste for poetry. She even made it into the

shiny world of American TV shows. Back to our small world, her

seminars invariably create a lot of stir-up. Her previous

performance at CERN sent shudders through the blogosphere,

leading to several broken friendships and one auto-da-fe.

Personally, I don't like being burnt alive, so I'd better be ending

this general introduction and jump into the safety of physics

blogging.

The RS model is the last truely original and noteworthy idea

spawned by particle theory so far. Introducing a warped 5th

dimension allows us to accommodate, in a consistent and natural

way, vastly different scales in one theory. By AdS/CFT, the fifth

dimension can be viewed as an effective weakly coupled

description of some strongly interacting hidden sector. Although

possible uses of the RS framework are much wider, most of the

current work is focused on applications to the TeV-scale physics.

In this way, the large hierarchy between the Planck scale and the

electroweak scale can be understood as a manifestation of the

warped fifth dimension.
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Flavor Violations
• 5D Lagrangian

• unitary transformations to diagonal basis for bulk mass matrices

• decomposition of fermion field

• couplings between zero mode fermions and gauge boson KK modes:

model to be tested at the colliders [14]. Suppression of flavor violation with bulk and brane

flavor symmetry has also been studied [15].

Lepton flavor violation in various rare leptonic processes mediated by neutral KK gauge

bosons in the RS model also give severe constraints on the KK mass scale. Lepton flavor

violation of RS model has been studied before [16, 17, 18]. Even in the case of massless

neutrinos, stringent bound on the first KK mass scale already arises from FCNC constraints

in scenarios with generic anarhic 5D Yukawa couplings. The most severe bound on the KK

mass is from µ → eγ, which requires the mass of the first KK mode to be greater than 15.8

TeV with values of 5D Yukawa couplings equal to 2. Moreover, there is a tension between

µ → eγ and the tree level flavor violating processes such as µ−e conversion, as they depend

on the 5D Yukawa coupling constants oppositely [18]. As a result, the allowed parameter

space for the 5D Yukawa couplings is very restricted and it is not possible to relax the bound

on the KK mass scale by tuning the 5D Yukawa coupling constants.

In this paper, we generalize MFV to the lepton sector. We first study the case in which

neutrinos are massless. In this case, we are able to choose a basis such that 5D bulk mass

matrices and 5D Yukawa matrices are diagonal simultaneously. Consequently, there are no

FCNC processes. In the presence of massive neutrinos, there are FCNC in the charged lepton

sector. We find that the FCNC effects in this case are controlled by one single parameter,

ξ. To accommodate small neutrino masses, it is required that ξ <∼ 0.1, leading to very

suppressed contributions to FCNC processes and thus allowing a light KK mass scale.

The paper is organized as follows. In Section II, we review the general flavor structure

of the RS model and a realization of MFV in the quark sector. In Section III, we apply the

MFV in the lepton sector. Section IV concludes the paper.

II. FLAVOR VIOLATION IN THE RS MODEL

In the RS model, there are two sources of flavor violation: the bulk mass matri-

ces (CQ, Cu, Cd) and the 5D Yukawa coupling matrices (Yu,Yd) in the quark sector, and

(CL, Ce, Cν) and (Ye,Yν) in the lepton sector, as defined in the following 5D Lagrangian,

L5D ⊃ ΨCΨΨ + ψuCψu
ψu + ψdCψd

ψd + H ΨλUψu + H ΨλDψd . (2)

3

Here we have suppressed the generation indices, i = 1, 2, 3, and introduced the follow-

ing short-hand notation: In the quark sector, Ψi = Qi are the SU(2)L quark doublets,

and ψui
= ui and ψdi

= di are the SU(2)L singlet up and down type quarks; the ma-

trices (CΨ, Cψu
, Cψd

, λU , λD) = (CQ, Cu, Cd, Yu, Yd). In the lepton sector, Ψi = Li are

the SU(2)L lepton doublets, and ψui
= νi and ψdi

= ei are the right-handed (RH) neu-

trinos and the SU(2)L singlet charged leptons; the matrices (CΨ, Cψu
, Cψd

, λU , λD) =

(CL, Cν , Ce, Yν , Ye). We comment that in order to preserve tree level custodial symmetry,

we have implicitly assumed that the bulk has SU(2)L × SU(2)R × U(1)B−L gauge sym-

metry [9]. In this case, the eRi
and νRi

come from two different SU(2)R lepton doublets,

LR1i
= ν ′

Ri
+ eRi

and LR2i
= νRi

+ e′Ri
. Neutrino masses are generated by the Dirac Yukawa

couplings.

The presence of the bulk mass matrices induces non-trivial flavor structure in the RS

model. As it turns out, not all of the flavor parameters are physical. Utilizing the global

U(3)Ψ ×U(3)ψu
×U(3)ψd

symmetry of the model, one can make unitary transformations on

the bulk fermion fields to bring the bulk mass matrices into diagonal forms. The generic

anarchical assumption then requires that all elements in the 5D Yukawa matrices are O(1),

in the basis where all bulk mass matrices are diagonal. In this basis, the couplings between

the zero mode fermions and gauge boson KK modes, Gn, after the compactification, are

given by

∑

n

Gn(Ψ0†f 2
Ψ0Ψ0 + ψ0

u

†
f 2

ψ0
u
ψ0

u + ψ0
d

†
f 2

ψ0

d

ψ0
d) , (3)

where fxi
are the profiles of zero mode fermions along the fifth dimension. The effective 4D

Yukawa interactions are given by,

HΨ0f †
Ψ0λ

5D
u fψ0

u
ψ0

u + HΨ0f †
Ψ0λ

5D
d fψ0

d
ψ0

d . (4)

As a result, the 4D effective Yukawa couplings are

λ4D
U = f †

Ψ0λUfψ0
u
, λ4D

D = f †
Ψ0λDfψ0

d
, (5)

which are diagonalized to get the mass eigenstates of the zero mode fermions with the

following chiral rotations,

Ψ0 → V Ψ0, ψ0
u → Wuψ

0
u, ψ0

d → Wdψ
0
d . (6)

4

ψ(x, y) =
∑

n

e2krc|φ|
√

rc
ψn(x)fn(φ, c)

1



Flavor Violations
• effective 4D Yukawa interactions

• effective 4D Yukawa couplings

• diagonalized by the following chiral rotations:

• in mass eigenstates of SM fermions: fermion-gauge couplings

• non-universal f :   leads to tree-level FCNCs

• RS-GIM mechanism:

• light fermions close to Planck brane

• gauge zero-mode flat

• somewhat alleviate flavor constraints, though not enough 
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ing short-hand notation: In the quark sector, Ψi = Qi are the SU(2)L quark doublets,

and ψui
= ui and ψdi

= di are the SU(2)L singlet up and down type quarks; the ma-

trices (CΨ, Cψu
, Cψd

, λU , λD) = (CQ, Cu, Cd, Yu, Yd). In the lepton sector, Ψi = Li are

the SU(2)L lepton doublets, and ψui
= νi and ψdi

= ei are the right-handed (RH) neu-

trinos and the SU(2)L singlet charged leptons; the matrices (CΨ, Cψu
, Cψd

, λU , λD) =

(CL, Cν , Ce, Yν , Ye). We comment that in order to preserve tree level custodial symmetry,

we have implicitly assumed that the bulk has SU(2)L × SU(2)R × U(1)B−L gauge sym-

metry [9]. In this case, the eRi
and νRi

come from two different SU(2)R lepton doublets,

LR1i
= ν ′

Ri
+ eRi

and LR2i
= νRi

+ e′Ri
. Neutrino masses are generated by the Dirac Yukawa

couplings.

The presence of the bulk mass matrices induces non-trivial flavor structure in the RS

model. As it turns out, not all of the flavor parameters are physical. Utilizing the global

U(3)Ψ ×U(3)ψu
×U(3)ψd

symmetry of the model, one can make unitary transformations on

the bulk fermion fields to bring the bulk mass matrices into diagonal forms. The generic

anarchical assumption then requires that all elements in the 5D Yukawa matrices are O(1),

in the basis where all bulk mass matrices are diagonal. In this basis, the couplings between

the zero mode fermions and gauge boson KK modes, Gn, after the compactification, are

given by

∑

n

Gn(Ψ0†f 2
Ψ0Ψ0 + ψ0

u

†
f 2

ψ0
u
ψ0

u + ψ0
d

†
f 2

ψ0

d

ψ0
d) , (3)

where fxi
are the profiles of zero mode fermions along the fifth dimension. The effective 4D

Yukawa interactions are given by,

HΨ0f †
Ψ0λ

5D
u fψ0

u
ψ0

u + HΨ0f †
Ψ0λ

5D
d fψ0

d
ψ0

d . (4)

As a result, the 4D effective Yukawa couplings are

λ4D
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Ψ0λUfψ0
u
, λ4D
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Ψ0λDfψ0

d
, (5)

which are diagonalized to get the mass eigenstates of the zero mode fermions with the

following chiral rotations,

Ψ0 → V Ψ0, ψ0
u → Wuψ

0
u, ψ0

d → Wdψ
0
d . (6)

4

In the fermion mass basis, the couplings between zero mode fermions and KK gauge bosons

are the given by

∑

n

Gn(Ψ0†V †f 2
Ψ0V Ψ0 + ψ0

u

†
W †

uf 2
ψ0

u
Wuψ

0
u + ψ0

d

†
W †

df 2
ψ0

d

Wdψ
0
d) (7)

The non-universal fΨ0, ψ0
u, ψ0

d
among the three generations lead to FCNC at tree level, as

can be seen in Eq. (7). In the quark sector, the strongest constraints come from the ∆F = 2

processes due to tree level exchange of KK gluons. The dominant contributions to εK are

from (V −A)× (V +A) operators that involve right-handed currents, leading to a bound on

the KK mass scale of 8 TeV, after all possible enhancements are included [12]. This bound

is derived with the assumption of generic anarchical 5D Yukawa couplings in the basis in

which bulk mass matrices are diagonal.

In the MFV scenario [12], it is assumed that the 5D Yukawa couplings are the only

source of the flavor mixing and that the bulk mass matrices are functions of the 5D Yukawa

matrices. Consequently, the flavor rotations on bulk masses and Yukawa couplings are no

longer independent. In Ref. [12], MFV is applied to the quark sector and the 5D mass

matrices are expanded as power series in 5D Yukawa matrices, Yu and Yd,

CQ ∼ rY †
u Yu + YdY

†
d , Cu ∼ Y †

u Yu, Cd ∼ Y †
d Yd , (8)

where the parameter r is some constant. The key observation of this set-up is that the in

the limit when r goes to zero, the 5D matrices CQ, Cd and Yd can all be simultaneously

diagonalized such that flavor violation in the down quark sector is completely eliminated.

The actual value of r, which sets the strength of flavor violation in the quark sector, is given

by the realistic fit to the quark masses and mixing. Remarkably, in order to obtain a large

top quark mass, the value of r is required to be small. Numerical studies show that the

preferred value of r is in the range of (0.1 − 0.4). This thus gives a further suppression of

order r2 in the (V − A) × (V + A) processes mentioned above.
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Flavor Violations in Quark Sector

• anarchical flavor structure:

• in diagonal bulk mass basis, 5D Yukawa matrices have no 
structures, i.e. all elements of the same order

• Λ > 21 TeV

• Generally:  Λ > O(10) TeV

taken from Agashe, Perez, Soni, 2004

Finally similar results are also obtained for the NP contributions related to
∆ms, the mass difference between B0

s and B̄0
s .

Consequently, the framework predicts sizable CP asymmetry in (e.g.)
Bs → ψφ

SB→ψφ ∼ 1 ×
(

2TeV

mKK

)2 (

3

fQ3

)4

, (34)

where the SM prediction is SB→ψφ ∼ O
(

λ2
)

.
Before studying the implications of these NP contributions, we point out that

in reference [19], smaller values of fQ3 were considered such that the constraint
from Z → bb̄ is not satisfied. This leads to larger effect in ∆F = 2 processes.
In particular, to suppress the NP contribution to ∆mBd

requires (DL)13 $ Vtd

which is possible only if there are hierarchies in the 5D Yukawa, a possibility
that we are not entertaining in this work.

d

d̄b̄

G(n)

b

FQF †
Q FQF †

Q

Fig. 1: Contributions to ∆F = 2 processes from KK gluon exchange.

5.1.1 “Coincidence” problem

Within the SM, experimental data related to the above observables is translated
into constraints on, ρ and η, the less constrained Wolfenstein parameters. The
other two parameters, A and λ are known to a good accuracy from various SM
tree level processes which are insensitive to our NP contributions. The fact
that the SM can successfully fit, within errors, five independent measurements
of ρ, η supports the SM CKM paradigm [28, 29, 30]. Within our framework,
however, this SM successful fit is a pure coincidence! This is since the above
processes receive uncorrelated sizable NP contributions. Thus, generically, it is
not expected that all of them can be fitted together by only two parameters.

In fig. 2. we show the present SM fit yielded by ∆F = 2 processes in the
ρ − η plane [31, 32]. Due to hadronic uncertainties the “coincidence problem”
is yet not a severe one [33]. In the near future, assuming that the SM fit will

21
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Lepton Flavor Violations

Contributions from FCNCs:

• presence even in the limit of massless neutrinos

• at tree level: 

• tri-lepton decays (µ → 3 e, etc), μ-e conversion

Contributions from charged currents:

• at one-loop:    μ→e + γ 

➡ Constraint on cutoff scale:

➡ tension between tree-level and one-loop processes:

• opposite dependence on Yukawa couplings

• tree-level FCNC

• one-loop charged current contributions

FCNC in the lepton sector

[Agashe, Blechman and Petriello 2006]

RS model has FCNC process in the charged lepton sector
which is independent of neutrino mass and mixing.

The tree level processes include the tri-lepton decay and µ− e
conversion.

µ− eγ is induced by the loop.

Λµ-e > 5.9 TeV

vew ∼ e−πkRMpl

ψ(0) ∼ e(1/2−c)ky

[U(3)Q]3 ⊗ [U(3)L]2

[U(3)Q]3 ≡ U(3)QL ⊗ U(3)UR ⊗ U(3)DR

[U(3)L]3 ≡ U(3)"L ⊗ U(3)eR

∼ 1
λ5D

∼ λ2
5D

1

vew ∼ e−πkRMpl

ψ(0) ∼ e(1/2−c)ky

[U(3)Q]3 ⊗ [U(3)L]2

[U(3)Q]3 ≡ U(3)QL ⊗ U(3)UR ⊗ U(3)DR

[U(3)L]3 ≡ U(3)"L ⊗ U(3)eR

∼ 1
λ5D

∼ λ2
5D

1

Agashe, Blechman, Petriello, 2006



Minimal Flavor Violation

• assume Yukawa couplings the only source of flavor violation

• SM:  absence of Yukawa couplings (with massless neutrinos]

• promote Yukawa couplings to be auxiliary fields

• can rotate to

• effects of flavor violation:

• in RS model:

• the MFV assumption relates 5D Yukawa matrices & bulk mass terms

• implementation in quark sector

D’Ambrosio, Giudice, Isidori, Strumia, 2002
Cirigliano, Grinstein, Isidori, Wise, 2005

are universal and the trilinear soft terms are proportional to Yukawa couplings, at an arbitrary
high-energy scale. Then the physical squark masses are not equal, but the induced flavour vi-
olation is described in terms of the usual CKM parameters. In this case, the coefficients of the
MFV operators described in section 3 can be perturbatively computed in terms of supersym-
metric masses. However, given the large number of free parameters in a supersymmetric model,
the effective-theory description can still be useful as a bookkeeping device. The concrete mean-
ing of MFV in supersymmetric models is discussed in section 7. Moreover, in section 6 we show
how the effective theory approach provides a simple systematic tool to identify tan β-enhanced
Higgs-mediated FCNC amplitudes and, using it, we identify a contribution to B → Xsγ which
so far has not been discussed in the literature.

On the other hand, the effective-theory language becomes compulsory to address the flavour
problem in models with non-perturbative interactions at energies Λ, like in scenarios with low-
energy quantum-gravity scale. In section 7 we shall briefly discuss the natural size of the
effective operators expected in some of these models.

2 Minimal Flavour Violation

The SM fermions consist of three families with two SU(2)L doublets (QL and LL) and three
SU(2)L singlets (UR, DR and ER). The largest group of unitary field transformations that
commutes with the gauge group is U(3)5 [1]. This can be decomposed as

GF ≡ SU(3)3
q ⊗ SU(3)2

! ⊗ U(1)B ⊗ U(1)L ⊗ U(1)Y ⊗ U(1)PQ ⊗ U(1)ER
, (1)

where

SU(3)3
q = SU(3)QL

⊗ SU(3)UR
⊗ SU(3)DR

, (2)

SU(3)2
! = SU(3)LL

⊗ SU(3)ER
.

Out of the five U(1) charges, three can be identified with baryon (B) and lepton (L) numbers
and hypercharge (Y ), which are respected by Yukawa interactions. The two remaining U(1)
groups can be identified with the Peccei-Quinn symmetry of two-Higgs-doublet models [2] and
with a global rotation of a single SU(2)L singlet. Rearranging these two groups, we denote
by U(1)PQ a rotation which affects only and in the same way DR and ER, and by U(1)ER

a
rotation of ER only. The breaking of these two U(1) play an important role in flavour dynamics
in models with more than one Higgs doublet, where the source of the breaking can be controlled
by fields different than those that generate the Yukawa couplings. This case will be analysed
in section 5.

In the SM the Yukawa interactions break the symmetry group SU(3)3
q ⊗ SU(3)2

! ⊗U(1)PQ ⊗
U(1)ER

. We can formally recover flavour invariance by introducing dimensionless auxiliary
fields YU , YD, and YE transforming under SU(3)3

q ⊗ SU(3)2
! as

YU ∼ (3, 3̄, 1)SU(3)3q , YD ∼ (3, 1, 3̄)SU(3)3q , YE ∼ (3, 3̄)SU(3)2
!

. (3)

This allows the appearance of Yukawa interactions, consistently with the flavour symmetry

L = Q̄LYDDRH + Q̄LYUURHc + L̄LYEERH + h.c. , (4)
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where Hc = iτ2H∗ and 〈H†H〉 = v2/2, with v = 246 GeV. Notice that eq. (4) describes the most
general coupling of the fields Y to renormalizable SM operators. Indeed, couplings of Y with
the kinetic terms of quarks and leptons can be eliminated with a redefinition of the fermionic
fields, and Yukawa interactions with more Y insertions can be absorbed in a redefinition of the
fields Y .

Using the SU(3)3
q ⊗ SU(3)2

! symmetry, we can rotate the background values of the auxiliary
fields Y such that

YD = λd , YL = λ! , YU = V †λu , (5)

where λ are diagonal matrices and V is the CKM matrix.
We define that an effective theory satisfies the criterion of Minimal Flavour Violation if all

higher-dimensional operators, constructed from SM and Y fields, are invariant under CP and
(formally) under the flavour group GF . In other words, MFV requires that the dynamics of
flavour violation is completely determined by the structure of the ordinary Yukawa couplings.
In particular, all CP violation originates from the CKM phase.

It is easy to realize that, since the SM Yukawa couplings for all fermions except the top are
small, the only relevant non-diagonal structure is obtained by contracting two YU , transforming
as (8, 1, 1). For later convenience we define

(λFC)ij =







(

YUY †
U

)

ij
≈ λ2

t V
∗
3iV3j i %= j ,

0 i = j .
(6)

The off-diagonal component of a generic polynomial P (YUY †
U) is (approximately) proportional

to λFC. Therefore, λFC is the effective coupling governing all FCNC processes with external
down-type quarks.

3 The MFV dimension-six operators

In this section, we want to construct all possible dimension-six FCNC operators, in the context
of an effective theory with MFV. For processes with external down-type quarks, three basic
bilinear FCNC structures can be identified:

Q̄LYUY †
UQL , D̄RY †

DYUY †
UQL , D̄RY †

DYUY †
UYDDR . (7)

Expanding in powers of off-diagonal CKM matrix elements and in powers of small Yukawa
couplings, it is easy to realize that the only relevant bilinear FCNC structures are

Q̄LλFCQL and D̄RλdλFCQL . (8)

Although suppressed by λd, the LR term has to be kept because of its unique SU(2)L trans-
formation property. Similarly to the SM case, FCNC involving external up-type quarks are
absolutely negligible in this context, because of the smallness of down-type Yukawa couplings.

We are now ready to build the complete basis of gauge-invariant dimension-six FCNC op-
erators (relevant for processes with external down-type quarks), obtained by breaking GF only
by means of the background values of Y . Since we are interestesd also in amplitudes mediated
by off-shell gauge bosons, we start writing a basis where we use the equations of motion (to
reduce the number of independent terms) only on the fermion fields. The operators can be
classified as follows:

4
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(formally) under the flavour group GF . In other words, MFV requires that the dynamics of
flavour violation is completely determined by the structure of the ordinary Yukawa couplings.
In particular, all CP violation originates from the CKM phase.

It is easy to realize that, since the SM Yukawa couplings for all fermions except the top are
small, the only relevant non-diagonal structure is obtained by contracting two YU , transforming
as (8, 1, 1). For later convenience we define

(λFC)ij =







(

YUY †
U

)

ij
≈ λ2

t V
∗
3iV3j i %= j ,

0 i = j .
(6)

The off-diagonal component of a generic polynomial P (YUY †
U) is (approximately) proportional

to λFC. Therefore, λFC is the effective coupling governing all FCNC processes with external
down-type quarks.

3 The MFV dimension-six operators

In this section, we want to construct all possible dimension-six FCNC operators, in the context
of an effective theory with MFV. For processes with external down-type quarks, three basic
bilinear FCNC structures can be identified:

Q̄LYUY †
UQL , D̄RY †

DYUY †
UQL , D̄RY †

DYUY †
UYDDR . (7)

Expanding in powers of off-diagonal CKM matrix elements and in powers of small Yukawa
couplings, it is easy to realize that the only relevant bilinear FCNC structures are

Q̄LλFCQL and D̄RλdλFCQL . (8)

Although suppressed by λd, the LR term has to be kept because of its unique SU(2)L trans-
formation property. Similarly to the SM case, FCNC involving external up-type quarks are
absolutely negligible in this context, because of the smallness of down-type Yukawa couplings.

We are now ready to build the complete basis of gauge-invariant dimension-six FCNC op-
erators (relevant for processes with external down-type quarks), obtained by breaking GF only
by means of the background values of Y . Since we are interestesd also in amplitudes mediated
by off-shell gauge bosons, we start writing a basis where we use the equations of motion (to
reduce the number of independent terms) only on the fermion fields. The operators can be
classified as follows:
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MFV in Lepton Sector -- Massless Neutrinos

Massless neutrino case:

• relevant 5D Lagrangian

• Implementation of MFV: 

• only sources of flavor violation are Yukawa couplings

• parameters a & b:  O(1) proportionality constants 

• MFV allows simultaneous diagonalization of Ce, CL and Ye

M.-C.C,  H.B. Yu,  2008

III. MINIMAL FLAVOR VIOLATION IN THE LEPTON SECTOR

A. Massless Neutrino Limit

With the MFV assumption, all flavor violation should come from the 5D Yukawa couplings

Ye. The relevant bulk mass matrices and the 5D Yukawa couplings are

Llep
5D ⊃ LCLL + eCee + H LYee . (9)

Following the implementation of MFV in the quark sector as given in Eq. (8), the bulk mass

matrices for the leptons are determined by the 5D Yukawa coupling Ye as

Ce = aY †
e Ye, CL = bYeY

†
e , (10)

where a and b are O(1) parameters. With U(3)L × U(3)e global flavor symmetry, we can

select a basis such that Ye is in a diagonal form, Ŷe. In this basis, both bulk mass matrices

Ce = aŶ †
e Ŷe and CL = bŶeŶ †

e are diagonal and thus all leptonic flavor violation vanish.

We next show that the MFV assumption in Eq. (10) can indeed give rise to realistic

charged lepton masses. In the brane Higgs case1, the charged lepton masses are given by

ml # vFLYeFe, (11)

where v = 174 GeV, and FL and Fe are the values of the zero-mode profiles on the TeV

brane for the lepton doublets and singlets, respectively. The eigenvalues of FL and Fe are

given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fei
=

√

1 − 2cei

1 − ε1−2cei

(12)

where ε = e−πkrc # 10−15 and cLi
and cei

are eigenvalues of the 5D bulk mass matri-

ces CL and Ce. As shown above, the matrices Ye, CL and Ce can be diagonal simul-

taneously with MFV assumption. In the diagonal basis, Ye = diag(Ye1
, Ye2

, Ye3
), CL =

diag(b|Ye1
|2, b|Ye2

|2, b|Ye3
|2) and Ce = diag(a|Ye1

|2, a|Ye2
|2, a|Ye3

|2). Without losing general-

ity, we choose a = 1 and b = 1. With the values of Ye1
# 0.816, Ye2

# 0.759 and Ye3
# 0.721,

the following realistic charged lepton masses are obtained, me # 0.486 MeV, mµ #

102.766 MeV and mτ # 1.74 GeV.

1 In our numerical study we assume the brane Higgs limit. Our results can be easily extended to the bulk

Higgs case [19].
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MFV in Lepton Sector -- Massless Neutrinos

• simultaneous diagonalization:

• field transformations

• diagonal 5D Yukawa: 

• diagonal bulk masses: 

• NO tree-level FCNCs

• intrinsically different from the anarchical assumption

vew ∼ e−πkRMpl

ψ(0) ∼ e(1/2−c)ky

[U(3)Q]3 ⊗ [U(3)L]2

[U(3)Q]3 ≡ U(3)QL ⊗ U(3)UR ⊗ U(3)DR

[U(3)L]3 ≡ U(3)"L ⊗ U(3)eR

∼ 1
λ5D

∼ λ2
5D

L→ V L, e→W e thus V †YeW → Ŷe

V †YeY
†
e V → ŶeŶ

†
e , W †Y †

e YeW → Ŷ †
e Ŷe

1

vew ∼ e−πkRMpl

ψ(0) ∼ e(1/2−c)ky

[U(3)Q]3 ⊗ [U(3)L]2

[U(3)Q]3 ≡ U(3)QL ⊗ U(3)UR ⊗ U(3)DR

[U(3)L]3 ≡ U(3)"L ⊗ U(3)eR

∼ 1
λ5D

∼ λ2
5D

L→ V L, e→W e thus V †YeW → Ŷe
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• charged lepton masses

• eigenvalues of FL and Fe: 
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and Ce = diag(a|Ye1
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of generality, we choose a = 1 and b = 1. With the val-
ues of Ye1

" 0.816, Ye2
" 0.759 and Ye3

" 0.720, the
following realistic charged lepton masses are obtained,
me " 0.511 MeV, mµ " 105.6 MeV and mτ " 1.77 GeV.

Massive Neutrino Case. To accommodate massive
neutrinos and lepton mixing, we introduce three right-
handed neutrinos (RH) in the model. The RH neutrinos
reside in different SU(2)R doublets [6] from those that
contain the iso-spin singlet charged leptons. The RH
neutrinos couple to the lepton doublets to form Dirac
mass terms through the Yukawa coupling Yν . The rele-
vant Lagrangian in this case is given by

Llep
5D ⊃ LCLL + eCee + NCNN + H LYee + HLYνN .(4)

The smallness of neutrino masses is then archived by lo-
calizing the RH neutrinos close to the Planck brane such
that their overlap with the lepton doublets is small.

With the MFV assumption, the 5D bulk mass matrices
are related to the 5D Yukawa couplings as

Ce = aY †
e Ye, CN = dY †

ν Yν , CL = c(ξYνY †
ν + YeY

†
e ) ,(5)

1 For simplicity, we omit flavor symmetry invariant identity contri-
butions to the 5D mass parameters. Including these terms does
not change our conclusions.

2 In our numerical study, we assume the brane Higgs limit. Our
results can be easily extended to the bulk Higgs case [18].

where a, d, c are O(1) parameters and CN is the bulk
mass term for the RH neutrinos. With three RH neutri-
nos, the global flavor symmetry is U(3)L×U(3)e×U(3)N ,
with which one can rotate to a basis where either Ye or
Yν is diagonal. In the following analysis, we work in the
basis in which Ye is diagonal and it is denoted by Ŷe. In
this basis, Yν can be written as Yν = V5DŶν , where V5D

is the 5D leptonic mixing matrix. All flavor mixing in
the lepton sector are generated by V5D. In this basis,
both Ce and CN are diagonal. However, due to the term
which is proportional to the parameter ξ, the 5D bulk
mass matrix CL is not diagonal and it can be written as,

CL " (ξV5DĈNV †
5D + Ĉe) , (6)

where ĈN ≡ dŶν Ŷ †
ν and Ĉe ≡ aŶeŶ †

e are diagonal. To
get Eq. (6), we have assumed a " c " d. The eigenvalues
of CL give the zero mode localizations of the SU(2)L

doublets along the fifth dimension. Eq. (6), which results
from the MFV assumption, leads to a set of conditions
that constrain the 5D bulk mass parameters.

The non-diagonal term in Eq. (6) is the source of the
FCNC in the charged lepton sector. Because this term is
proportional to ξ, the size of the contributions to FCNC
is thus determined by the value of ξ, which turns out to
be small in order to accommodate realistic lepton masses,
as we show below. Because Eq. (6) involves the unknown
mixing matrix V5D, to estimate the value of ξ, we take
the trace on both sides of Eq. (6)

Tr(CL) " c(ξTr(CN ) + Tr(Ce)) , (7)

where we have replaced ĈN,c with CN,e as trace is in-
variant under the basis transformation. To get realistic
charged lepton masses, cLi
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(0.4 − 0.6). To accommodate small neutrino masses, the
RH neutrinos must be localized near the Planck brane,
and thus cNi

are in the range of (1.2−1.5). To satisfy the
conditions in Eq. (6), ξ must be in the range of (0−0.1).
As a result, all FCNC mediated by (V −A)×(V +A) type
operators in the charged lepton sector are suppressed by
a factor of O(ξ2) = (0 − 0.01). For (V − A) × (V − A)
operators, the suppression factor is O(ξ4). In the limit
ξ = 0, all FCNC vanish and the only sources of flavor
violation processes are the charged current interactions
as in the SM. When ξ &= 0, non-diagonal CL causes tree-
level FCNC. This is sometimes referred to as the “next
to minimal flavor violation” (NMFV).

The connection between small neutrino masses and the
strong suppression of FCNC appears at first to depend
crucially on the assumption that c >

∼ d. As it turns out,
small neutrino masses still implies small ξ, even for c < d.
This is because by increasing d, the 5D Yukawa Yν has to
decrease to get the right neutrino masses. In this case,
the suppression of FCNC is due to the small Yukawa
couplings, which is again required by the smallness of
the neutrino masses. Note that in the limit Yν → 0,
there is no FCNC in the case with MFV assumption.
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not change our conclusions.

2 In our numerical study, we assume the brane Higgs limit. Our
results can be easily extended to the bulk Higgs case [18].
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with which one can rotate to a basis where either Ye or
Yν is diagonal. In the following analysis, we work in the
basis in which Ye is diagonal and it is denoted by Ŷe. In
this basis, Yν can be written as Yν = V5DŶν , where V5D

is the 5D leptonic mixing matrix. All flavor mixing in
the lepton sector are generated by V5D. In this basis,
both Ce and CN are diagonal. However, due to the term
which is proportional to the parameter ξ, the 5D bulk
mass matrix CL is not diagonal and it can be written as,

CL " (ξV5DĈNV †
5D + Ĉe) , (6)

where ĈN ≡ dŶν Ŷ †
ν and Ĉe ≡ aŶeŶ †

e are diagonal. To
get Eq. (6), we have assumed a " c " d. The eigenvalues
of CL give the zero mode localizations of the SU(2)L

doublets along the fifth dimension. Eq. (6), which results
from the MFV assumption, leads to a set of conditions
that constrain the 5D bulk mass parameters.

The non-diagonal term in Eq. (6) is the source of the
FCNC in the charged lepton sector. Because this term is
proportional to ξ, the size of the contributions to FCNC
is thus determined by the value of ξ, which turns out to
be small in order to accommodate realistic lepton masses,
as we show below. Because Eq. (6) involves the unknown
mixing matrix V5D, to estimate the value of ξ, we take
the trace on both sides of Eq. (6)

Tr(CL) " c(ξTr(CN ) + Tr(Ce)) , (7)

where we have replaced ĈN,c with CN,e as trace is in-
variant under the basis transformation. To get realistic
charged lepton masses, cLi

and cei
are in the range of

(0.4 − 0.6). To accommodate small neutrino masses, the
RH neutrinos must be localized near the Planck brane,
and thus cNi

are in the range of (1.2−1.5). To satisfy the
conditions in Eq. (6), ξ must be in the range of (0−0.1).
As a result, all FCNC mediated by (V −A)×(V +A) type
operators in the charged lepton sector are suppressed by
a factor of O(ξ2) = (0 − 0.01). For (V − A) × (V − A)
operators, the suppression factor is O(ξ4). In the limit
ξ = 0, all FCNC vanish and the only sources of flavor
violation processes are the charged current interactions
as in the SM. When ξ &= 0, non-diagonal CL causes tree-
level FCNC. This is sometimes referred to as the “next
to minimal flavor violation” (NMFV).

The connection between small neutrino masses and the
strong suppression of FCNC appears at first to depend
crucially on the assumption that c >

∼ d. As it turns out,
small neutrino masses still implies small ξ, even for c < d.
This is because by increasing d, the 5D Yukawa Yν has to
decrease to get the right neutrino masses. In this case,
the suppression of FCNC is due to the small Yukawa
couplings, which is again required by the smallness of
the neutrino masses. Note that in the limit Yν → 0,
there is no FCNC in the case with MFV assumption.
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the bulk mass matrices for the lepton doublets and sin-
glets are aligned with the 5D Yukawa coupling Ye as
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global flavor symmetry, we can select a basis such that
Ye is in the diagonal form, Ŷe. In this basis, both bulk
mass matrices Ce = aŶ †

e Ŷe and CL = bŶeŶ †
e are diagonal

and thus all leptonic flavor violation vanish.
We next show that the MFV assumption in Eq. (2)

can indeed gives rise to realistic charged lepton masses.
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=
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" 0.759 and Ye3

" 0.720, the
following realistic charged lepton masses are obtained,
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Massive Neutrino Case. To accommodate massive
neutrinos and lepton mixing, we introduce three right-
handed neutrinos (RH) in the model. The RH neutrinos
reside in different SU(2)R doublets [6] from those that
contain the iso-spin singlet charged leptons. The RH
neutrinos couple to the lepton doublets to form Dirac
mass terms through the Yukawa coupling Yν . The rele-
vant Lagrangian in this case is given by

Llep
5D ⊃ LCLL + eCee + NCNN + H LYee + HLYνN .(4)

The smallness of neutrino masses is then archived by lo-
calizing the RH neutrinos close to the Planck brane such
that their overlap with the lepton doublets is small.

With the MFV assumption, the 5D bulk mass matrices
are related to the 5D Yukawa couplings as

Ce = aY †
e Ye, CN = dY †
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not change our conclusions.

2 In our numerical study, we assume the brane Higgs limit. Our
results can be easily extended to the bulk Higgs case [18].
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where a, d, c are O(1) parameters and CN is the bulk
mass term for the RH neutrinos. With three RH neutri-
nos, the global flavor symmetry is U(3)L×U(3)e×U(3)N ,
with which one can rotate to a basis where either Ye or
Yν is diagonal. In the following analysis, we work in the
basis in which Ye is diagonal and it is denoted by Ŷe. In
this basis, Yν can be written as Yν = V5DŶν , where V5D

is the 5D leptonic mixing matrix. All flavor mixing in
the lepton sector are generated by V5D. In this basis,
both Ce and CN are diagonal. However, due to the term
which is proportional to the parameter ξ, the 5D bulk
mass matrix CL is not diagonal and it can be written as,

CL " (ξV5DĈNV †
5D + Ĉe) , (6)

where ĈN ≡ dŶν Ŷ †
ν and Ĉe ≡ aŶeŶ †

e are diagonal. To
get Eq. (6), we have assumed a " c " d. The eigenvalues
of CL give the zero mode localizations of the SU(2)L

doublets along the fifth dimension. Eq. (6), which results
from the MFV assumption, leads to a set of conditions
that constrain the 5D bulk mass parameters.

The non-diagonal term in Eq. (6) is the source of the
FCNC in the charged lepton sector. Because this term is
proportional to ξ, the size of the contributions to FCNC
is thus determined by the value of ξ, which turns out to
be small in order to accommodate realistic lepton masses,
as we show below. Because Eq. (6) involves the unknown
mixing matrix V5D, to estimate the value of ξ, we take
the trace on both sides of Eq. (6)

Tr(CL) " c(ξTr(CN ) + Tr(Ce)) , (7)

where we have replaced ĈN,c with CN,e as trace is in-
variant under the basis transformation. To get realistic
charged lepton masses, cLi

and cei
are in the range of

(0.4 − 0.6). To accommodate small neutrino masses, the
RH neutrinos must be localized near the Planck brane,
and thus cNi

are in the range of (1.2−1.5). To satisfy the
conditions in Eq. (6), ξ must be in the range of (0−0.1).
As a result, all FCNC mediated by (V −A)×(V +A) type
operators in the charged lepton sector are suppressed by
a factor of O(ξ2) = (0 − 0.01). For (V − A) × (V − A)
operators, the suppression factor is O(ξ4). In the limit
ξ = 0, all FCNC vanish and the only sources of flavor
violation processes are the charged current interactions
as in the SM. When ξ &= 0, non-diagonal CL causes tree-
level FCNC. This is sometimes referred to as the “next
to minimal flavor violation” (NMFV).

The connection between small neutrino masses and the
strong suppression of FCNC appears at first to depend
crucially on the assumption that c >

∼ d. As it turns out,
small neutrino masses still implies small ξ, even for c < d.
This is because by increasing d, the 5D Yukawa Yν has to
decrease to get the right neutrino masses. In this case,
the suppression of FCNC is due to the small Yukawa
couplings, which is again required by the smallness of
the neutrino masses. Note that in the limit Yν → 0,
there is no FCNC in the case with MFV assumption.
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B. Massive Neutrino Case

To accommodate the massive neutrinos and lepton mixing, we introduce three right-

handed neutrinos in the model. As mentioned in Sec. II, the RH neutrinos reside in different

SU(2)R doublets from those that contain the iso-spin singlet charged leptons. The right-

handed neutrinos couple to the lepton doublets to form the Dirac mass terms. The relevant

Lagrangian in this case is given by

Llep
5D ⊃ LCLL + eCee + NCNN + H LYee + HLYνN . (13)

The smallness of neutrino masses is then archived by localizing the right-handed neutrinos

close to the Planck brane such that their overlap with the lepton doublets is small.

With the MFV assumption, the 5D bulk mass matrices are related to the 5D Yukawa

couplings as

Ce = aY †
e Ye, CN = dY †

ν Yν , CL = c(ξYνY
†
ν + YeY

†
e ) , (14)

where a, d, c are O(1) parameters. With three right-handed neutrinos, the global flavor

symmetry is U(3)L × U(3)e × U(3)N , with which one can rotate to a basis where either Ye

or Yν is diagonal. In the following analysis, we work in the basis in which Ye is diagonal and

it is denoted by Ŷe. In this basis, Yν can be written as Yν = V5DŶν , where V5D is the 5D

leptonic mixing matrix. All the flavor mixings in the lepton sector are generated by V5D. In

this basis, both Ce and CN are diagonal. However, due to the term which is proportional to

the parameter ξ, the 5D bulk mass matrix CL is not diagonal and it can be written as,

CL = c(ξV5DĈNV †
5D + Ĉe) , (15)

where ĈN ≡ dŶνŶ †
ν and Ĉe ≡ aŶeŶ †

e are diagonal. The eigevalues of CL give the zero

mode localization of the SU(2)L doublets along the fifth dimension. Eq. (15), which results

from the MFV assumption, leads to a set of conditions that constrain the 5D bulk mass

parameters.

The non-diagonal term in Eq. (15) is the source of the FCNC in the charged lepton

sector. Because this term is proportional to ξ, the size of the contributions to FCNC is thus

determined by the value of ξ, which turns out to be small to accommodate realistic lepton

masses, as we show below. Because Eq. (15) involves the unknown mixing matrix V5D, to

7

B. Massive Neutrino Case

To accommodate the massive neutrinos and lepton mixing, we introduce three right-

handed neutrinos in the model. As mentioned in Sec. II, the RH neutrinos reside in different

SU(2)R doublets from those that contain the iso-spin singlet charged leptons. The right-

handed neutrinos couple to the lepton doublets to form the Dirac mass terms. The relevant

Lagrangian in this case is given by

Llep
5D ⊃ LCLL + eCee + NCNN + H LYee + HLYνN . (13)

The smallness of neutrino masses is then archived by localizing the right-handed neutrinos

close to the Planck brane such that their overlap with the lepton doublets is small.

With the MFV assumption, the 5D bulk mass matrices are related to the 5D Yukawa

couplings as

Ce = aY †
e Ye, CN = dY †

ν Yν , CL = c(ξYνY
†
ν + YeY

†
e ) , (14)

where a, d, c are O(1) parameters. With three right-handed neutrinos, the global flavor

symmetry is U(3)L × U(3)e × U(3)N , with which one can rotate to a basis where either Ye

or Yν is diagonal. In the following analysis, we work in the basis in which Ye is diagonal and

it is denoted by Ŷe. In this basis, Yν can be written as Yν = V5DŶν , where V5D is the 5D
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• can rotate to basis where either Ye or Yν is diagonal

• without loss of generality:  work in Ye diagonal basis

• in this basis, both CN and Ce are diagonal, but not CL

• eigenvalues of CL: zero mode localizations of SU(2) doublets

• leads to a set of constraints on 5D bulk mass parameters

2

the bulk mass matrices for the lepton doublets and sin-
glets are aligned with the 5D Yukawa coupling Ye as

CL = bYeY
†
e , Ce = aY †

e Ye , (2)

where a and b are O(1) parameters1. With U(3)L×U(3)e

global flavor symmetry, we can select a basis such that
Ye is in the diagonal form, Ŷe. In this basis, both bulk
mass matrices Ce = aŶ †

e Ŷe and CL = bŶeŶ †
e are diagonal

and thus all leptonic flavor violation vanish.
We next show that the MFV assumption in Eq. (2)

can indeed gives rise to realistic charged lepton masses.
In the brane Higgs case2, the charged lepton masses are
given by ml " vFLYeFe, where v = 174 GeV, and FL and
Fe are the values of the zero-mode profiles on the TeV
brane for the lepton doublets and singlets, respectively.
The eigenvalues of FL and Fe are given by
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where ε = e−πkrc " 10−15 and cLi
and cei

are
the eigenvalues of the 5D bulk mass matrices CL

and Ce. As shown above, the matrices Ye, CL

and Ce can be diagonal simultaneously due to the
MFV assumption. In the diagonal basis, Ye =
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), CL = diag(b|Ye1
|2, b|Ye2

|2, b|Ye3
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and Ce = diag(a|Ye1
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|2, a|Ye3
|2). Without loss

of generality, we choose a = 1 and b = 1. With the val-
ues of Ye1

" 0.816, Ye2
" 0.759 and Ye3

" 0.720, the
following realistic charged lepton masses are obtained,
me " 0.511 MeV, mµ " 105.6 MeV and mτ " 1.77 GeV.

Massive Neutrino Case. To accommodate massive
neutrinos and lepton mixing, we introduce three right-
handed neutrinos (RH) in the model. The RH neutrinos
reside in different SU(2)R doublets [6] from those that
contain the iso-spin singlet charged leptons. The RH
neutrinos couple to the lepton doublets to form Dirac
mass terms through the Yukawa coupling Yν . The rele-
vant Lagrangian in this case is given by

Llep
5D ⊃ LCLL + eCee + NCNN + H LYee + HLYνN .(4)

The smallness of neutrino masses is then archived by lo-
calizing the RH neutrinos close to the Planck brane such
that their overlap with the lepton doublets is small.

With the MFV assumption, the 5D bulk mass matrices
are related to the 5D Yukawa couplings as

Ce = aY †
e Ye, CN = dY †

ν Yν , CL = c(ξYνY †
ν + YeY

†
e ) ,(5)

1 For simplicity, we omit flavor symmetry invariant identity contri-
butions to the 5D mass parameters. Including these terms does
not change our conclusions.

2 In our numerical study, we assume the brane Higgs limit. Our
results can be easily extended to the bulk Higgs case [18].

where a, d, c are O(1) parameters and CN is the bulk
mass term for the RH neutrinos. With three RH neutri-
nos, the global flavor symmetry is U(3)L×U(3)e×U(3)N ,
with which one can rotate to a basis where either Ye or
Yν is diagonal. In the following analysis, we work in the
basis in which Ye is diagonal and it is denoted by Ŷe. In
this basis, Yν can be written as Yν = V5DŶν , where V5D

is the 5D leptonic mixing matrix. All flavor mixing in
the lepton sector are generated by V5D. In this basis,
both Ce and CN are diagonal. However, due to the term
which is proportional to the parameter ξ, the 5D bulk
mass matrix CL is not diagonal and it can be written as,

CL " (ξV5DĈNV †
5D + Ĉe) , (6)

where ĈN ≡ dŶν Ŷ †
ν and Ĉe ≡ aŶeŶ †

e are diagonal. To
get Eq. (6), we have assumed a " c " d. The eigenvalues
of CL give the zero mode localizations of the SU(2)L

doublets along the fifth dimension. Eq. (6), which results
from the MFV assumption, leads to a set of conditions
that constrain the 5D bulk mass parameters.

The non-diagonal term in Eq. (6) is the source of the
FCNC in the charged lepton sector. Because this term is
proportional to ξ, the size of the contributions to FCNC
is thus determined by the value of ξ, which turns out to
be small in order to accommodate realistic lepton masses,
as we show below. Because Eq. (6) involves the unknown
mixing matrix V5D, to estimate the value of ξ, we take
the trace on both sides of Eq. (6)

Tr(CL) " c(ξTr(CN ) + Tr(Ce)) , (7)

where we have replaced ĈN,c with CN,e as trace is in-
variant under the basis transformation. To get realistic
charged lepton masses, cLi

and cei
are in the range of

(0.4 − 0.6). To accommodate small neutrino masses, the
RH neutrinos must be localized near the Planck brane,
and thus cNi

are in the range of (1.2−1.5). To satisfy the
conditions in Eq. (6), ξ must be in the range of (0−0.1).
As a result, all FCNC mediated by (V −A)×(V +A) type
operators in the charged lepton sector are suppressed by
a factor of O(ξ2) = (0 − 0.01). For (V − A) × (V − A)
operators, the suppression factor is O(ξ4). In the limit
ξ = 0, all FCNC vanish and the only sources of flavor
violation processes are the charged current interactions
as in the SM. When ξ &= 0, non-diagonal CL causes tree-
level FCNC. This is sometimes referred to as the “next
to minimal flavor violation” (NMFV).

The connection between small neutrino masses and the
strong suppression of FCNC appears at first to depend
crucially on the assumption that c >

∼ d. As it turns out,
small neutrino masses still implies small ξ, even for c < d.
This is because by increasing d, the 5D Yukawa Yν has to
decrease to get the right neutrino masses. In this case,
the suppression of FCNC is due to the small Yukawa
couplings, which is again required by the smallness of
the neutrino masses. Note that in the limit Yν → 0,
there is no FCNC in the case with MFV assumption.
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where ĈN ≡ dŶν Ŷ †
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level FCNC. This is sometimes referred to as the “next
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doublets along the fifth dimension. Eq. (6), which results
from the MFV assumption, leads to a set of conditions
that constrain the 5D bulk mass parameters.

The non-diagonal term in Eq. (6) is the source of the
FCNC in the charged lepton sector. Because this term is
proportional to ξ, the size of the contributions to FCNC
is thus determined by the value of ξ, which turns out to
be small in order to accommodate realistic lepton masses,
as we show below. Because Eq. (6) involves the unknown
mixing matrix V5D, to estimate the value of ξ, we take
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where we have replaced ĈN,c with CN,e as trace is in-
variant under the basis transformation. To get realistic
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and thus cNi

are in the range of (1.2−1.5). To satisfy the
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As a result, all FCNC mediated by (V −A)×(V +A) type
operators in the charged lepton sector are suppressed by
a factor of O(ξ2) = (0 − 0.01). For (V − A) × (V − A)
operators, the suppression factor is O(ξ4). In the limit
ξ = 0, all FCNC vanish and the only sources of flavor
violation processes are the charged current interactions
as in the SM. When ξ &= 0, non-diagonal CL causes tree-
level FCNC. This is sometimes referred to as the “next
to minimal flavor violation” (NMFV).

The connection between small neutrino masses and the
strong suppression of FCNC appears at first to depend
crucially on the assumption that c >

∼ d. As it turns out,
small neutrino masses still implies small ξ, even for c < d.
This is because by increasing d, the 5D Yukawa Yν has to
decrease to get the right neutrino masses. In this case,
the suppression of FCNC is due to the small Yukawa
couplings, which is again required by the smallness of
the neutrino masses. Note that in the limit Yν → 0,
there is no FCNC in the case with MFV assumption.
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V5D : 5D Leptonic Mixing Matrix

CLi , Cei ∼ (0.4− 0.6)

CNi ∼ (1.2− 1.5)

ξ ∼ (0− 0.1)

1

vew ∼ e−πkRMpl

ψ(0) ∼ e(1/2−c)ky

[U(3)Q]3 ⊗ [U(3)L]2

[U(3)Q]3 ≡ U(3)QL ⊗ U(3)UR ⊗ U(3)DR

[U(3)L]3 ≡ U(3)"L ⊗ U(3)eR

∼ 1
λ5D

∼ λ2
5D

L→ V L, e→W e thus V †YeW → Ŷe
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Numerical Results (massive neutrino case)

• resulting masses and mixing angles:
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the

4 In the generic anarchical case, one would expect large θν

13
com-

parable to θν

12
, unless there exists some accidental cancellation.
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by
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=
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1 − 2cLi

1 − ε1−2cLi

, fNi
=
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1 − 2cNi
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(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1
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, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $


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With these 5D parameters, the effective 4D neutrino os-
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23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $


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With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the

4 In the generic anarchical case, one would expect large θν
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, unless there exists some accidental cancellation.

estimate the value of ξ, we take the trace on the both sides of Eq. (15)

Tr(CL) = c(ξTr(CN) + Tr(Ce)) . (16)

To get realistic charged lepton masses, cLi
and cei

are in the range of (0.4 − 0.6). To

accommodate small neutrino mass, the right-handed neutrinos must be localized near the

Planck brane, and thus cNi
are in the range of (1.2 − 1.5). To satisfy the conditions in Eq.

(15), ξ must be in the range of (0 − 0.1). As a result, all FCNC processes in the charged

lepton sector are suppressed by a factor of O(ξ2) = (0 − 0.01).

Even though the FCNC processes are suppressed due to the MFV assumption as we argue

above, the MFV assumption does not suppress flavor violation in the charged currents. In

the presence of massive neutrinos, there are new contributions to the rare decays "α → "β+γ,

due to the charged current interactions involving the exchange of KK W-bosons and KK

neutrinos. The zero mode contributions are suppressed by the GIM mechanism. However,

the contributions of the KK gauge bosons and KK neutrinos invalidate the conditions re-

quired by the GIM mechanism, because of the heavy masses of the KK neutrinos and the

fact that the 4D effective mixing matrix is not unitary. As it turns out, the contributions of

the KK gauge boson are sub-dominant compared to the KK neutrino contributions. It has

been shown that if the relevant entries in the 5D Dirac Yukawa matrix are of order unity

without the assumption of MFV, the most stringent constraint, which is from BR(µ → eγ),

requires the first KK mass scale to be >∼ 25 TeV [16]. One way to keep the first KK mass

scale accessible to the LHC while avoiding the µ → eγ constraint is to tune the relevant

elements of the 5D Dirac Yukawa matrix to be O(0.1). We comment that this is possible

with our MFV assumption, which ensures the contributions to FCNC are under control.

However, in the case with general anarchical flavor structure in the lepton sector without

MFV assumption, the constraint on the first KK mass can not be loosened by tuning the

Yukawa couplings, due to the FCNC contributions.

Here we give a numerical example with ξ $ 0. In this case, CL, Ce and Ye can be

diagonalized simultaneously, and same parameters as in the massless neutrino case discussed

in Section III A can be chosen for the charged lepton sector. In addition, the 4D effective

PMNS matrix received contribution solely from the neutrino sector. In our model, the light

neutrino masses are generated by the Dirac Yukawa couplings,

mν $ vFLV5DŶνFN . (17)
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-
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cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=
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1 − 2cLi

1 − ε1−2cLi

, fNi
=
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and cLi
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are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
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2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
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∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
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The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi
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,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1
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∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
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is fixed by
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and thus fL1
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$ 0.07 and fL2
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plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the

4 In the generic anarchical case, one would expect large θν
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-
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cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=
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1 − 2cLi
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=
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and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
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) and θ1,2,3 are the three angles that
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23 $ 0.49, sin2 θν
13 $ 0.023 ,
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which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1
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∼ 1 and fL2
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the MFV case with ξ = 0, fLi
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is fixed by
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and thus fL1
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commodate these ratios as well as large mixing angles
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plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-
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cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=
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(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1
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) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
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13 $ 0.023 ,
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which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
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is fixed by
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and thus fL1
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$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
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plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-
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cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi
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=
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and cLi
and cNi

are the eigenvalues of CL and CN .
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θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
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, Yν3
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which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1
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∼ 1 and fL2
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∼ 1. However, in

the MFV case with ξ = 0, fLi
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and thus fL1
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plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-
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the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
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FN are given by
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plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the

4 In the generic anarchical case, one would expect large θν
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $




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With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the

4 In the generic anarchical case, one would expect large θν
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-
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cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $




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−0.275 −0.504 0.123
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
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With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the

4 In the generic anarchical case, one would expect large θν
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Even though the FCNC processes are suppressed due
to the MFV assumption, the MFV assumption does not
suppress flavor violation in the charged currents. In the
presence of massive neutrinos, there are new contribu-
tions to the rare decays !α → !β + γ, due to the charged
current interactions involving the exchange of KK W-
bosons and KK neutrinos. The zero mode contributions
are suppressed by the GIM mechanism. However, the
contributions of the KK gauge bosons and KK neutrinos
invalidate the conditions required by the GIM mecha-
nism, because of the heavy masses of the KK neutrinos
and the fact that the 4D effective mixing matrix is not
unitary. It has been shown that if the relevant entries in
the 5D Dirac Yukawa matrix are of order unity without
the assumption of MFV, the most stringent constraint,
which is from BR(µ → eγ), requires the first KK mass
scale to be >

∼ 25 TeV, assuming all SM fields are localized
on the TeV brane and only the RH neutrinos are in the
bulk [11]. In the case with all fermions and gauge bosons
in the bulk while Higgs is localized on the TeV brane, this
bound can be relaxed: with O(1) Yukawa coupling, the
bound on the first KK mode mass is ∼ 6.7 TeV, and it
can be further relaxed in the bulk Higgs case3. One way
to keep the first KK mass scale accessible to the LHC
while avoiding the µ → eγ constraint is to tune the el-
ements of the 5D Yukawa coupling. We comment that
this is possible with our MFV assumption, which ensures
the contributions to FCNC are under control. However,
in the case with general anarchical flavor structure in the
lepton sector without MFV assumption, the constraint
on the first KK mass can not be loosened by tuning the
Yukawa couplings, due to the opposite dependence on the
Yukawa couplings in the FCNC contributions.

For simplicity, we do not include CP violation in our
numerical results. In this case, the 5D bulk masses and
the leptonic Yukawa sector are determined by only 12 in-
dependent physical parameters. This is to be compared
with the generic anarchy case, in which the number of
independent parameters is 27. We show below that with
12 parameters, we are still able to find solutions that give
rise to all realistic lepton masses and mixing angles, even
in the presence of the constraint given by Eq. (6). In the
general case with small but not-vanished ξ, CL is not in
the diagonal form. The resulting coupled equations are
complicated to solve. For simplicity, we give a numerical
example with ξ = 0. In this limit, all FCNC vanish. We
leave the possibility of having ξ #= 0 for further investi-
gation.

With ξ = 0, all three matrices, CL, Ce and Ye,
can be diagonalized simultaneously. Realistic charged
fermion masses arise with Ye1

$ 0.405, Ye2
$ 0.375

and Ye3
$ 0.354, assuming a = c = d = 4. Be-

3 We thank K. Agashe for pointing this out to us.

cause the 5D charged fermion Yukawa matrix is diagonal,
the 4D effective PMNS matrix is determined entirely by
the neutrino sector. In our model, the light neutrino
masses are generated by the Dirac Yukawa couplings,
mν $ vFLV5DŶνFN , where the eigenvalues of FL and
FN are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi

, fNi
=

√

1 − 2cNi

1 − ε1−2cNi

(8)

and cLi
and cNi

are the eigenvalues of CL and CN .
We choose the following 5D parameters as inputs:

θ12 $ 1.383, θ23 $ 1.358, θ13 $ 1.338, Yν1 $
0.713, Yν2 $ 0.5634 and Yν3 $ 0.5475, where Ŷν =
diag(Yν1

, Yν2
, Yν3

) and θ1,2,3 are the three angles that
parametrize the 5D mixing matrix V5D. The 5D Dirac
Yukawa coupling matrix is

Yν ≡ V5DŶν $





0.0307 0.128 0.533
−0.275 −0.504 0.123
0.657 −0.217 0.0267



 . (9)

With these 5D parameters, the effective 4D neutrino os-
cillation parameters are

sin2 θν
12 $ 0.28, sin2 θν

23 $ 0.49, sin2 θν
13 $ 0.023 ,

∆m2
21 $ 7.4 × 10−5eV2, ∆m2

31 $ 2.7 × 10−3eV2 ,(10)

which are in good agreement with experiments within
2σ [19]. Here we assume a slightly large value of d = 4
such that the magnitudes of the 5D Dirac Yukawa cou-
plings are small. As a consequence, µ → eγ mediated
by the heavy neutrinos is suppressed. We estimate the
branch fraction Br(µ → eγ) to be ∼ 10−12, induced by
charged current interactions, with the first KK mass scale
∼ 3 TeV. The branching fraction can be further sup-
presses by tuning the 5D Yukawa couplings and having
the Higgs in the bulk.

Even though the eigenvalues of Yν are of the same order
∼ O(0.5−0.7) and 5D mixing angles are ∼ O(1), Yν given
in Eq. (9) deviates from the generic anarchical case with
the largest ratio between two elements being O(25). This
deviation is required to give realistic neutrino mixing and
masses in the case of ξ $ 0, in which all FCNC vanish.
The reason is the following: in the generic anarchical
case, the left-handed mixing are given by Vij ∼ fLi

/fLj
,

and the large solar and atmospheric neutrino mixing an-
gles requires fL1

/fL2
∼ 1 and fL2

/fL3
∼ 1. However, in

the MFV case with ξ = 0, fLi
/fLj

is fixed by
√

mi/mj

and thus fL1
/fL2

$ 0.07 and fL2
/fL3

$ 0.24. To ac-
commodate these ratios as well as large mixing angles
simultaneously, some structure in the 5D Yukawa cou-
plings is thus needed4. It would be appealing to see if the

4 In the generic anarchical case, one would expect large θν

13
com-

parable to θν

12
, unless there exists some accidental cancellation.



Comments

• counting the number of independent parameters that determine 5D 
Yukawa and bulk masses in lepton sector: (without CPV)

• anarchical case: 27 parameters

• 3x3 (diagonal C) + 2 x 9 (general Y) 

• MFV: 12 parameters 

• 3x3 (eigenvalues of Y) + 4 (prop. constants) - 1 (trace relation)

• allow suppression in FCNC & charged current contributions to LFV

• not possible in anarchical case, due to opposite dependence on 5D 
Yukawas

B. Massive Neutrino Case

To accommodate the massive neutrinos and lepton mixing, we introduce three right-

handed neutrinos in the model. As mentioned in Sec. II, the RH neutrinos reside in different

SU(2)R doublets from those that contain the iso-spin singlet charged leptons. The right-

handed neutrinos couple to the lepton doublets to form the Dirac mass terms. The relevant

Lagrangian in this case is given by

Llep
5D ⊃ LCLL + eCee + NCNN + H LYee + HLYνN . (13)

The smallness of neutrino masses is then archived by localizing the right-handed neutrinos

close to the Planck brane such that their overlap with the lepton doublets is small.

With the MFV assumption, the 5D bulk mass matrices are related to the 5D Yukawa

couplings as

Ce = aY †
e Ye, CN = dY †

ν Yν , CL = c(ξYνY
†
ν + YeY

†
e ) , (14)

where a, d, c are O(1) parameters. With three right-handed neutrinos, the global flavor

symmetry is U(3)L × U(3)e × U(3)N , with which one can rotate to a basis where either Ye

or Yν is diagonal. In the following analysis, we work in the basis in which Ye is diagonal and

it is denoted by Ŷe. In this basis, Yν can be written as Yν = V5DŶν , where V5D is the 5D

leptonic mixing matrix. All the flavor mixings in the lepton sector are generated by V5D. In

this basis, both Ce and CN are diagonal. However, due to the term which is proportional to

the parameter ξ, the 5D bulk mass matrix CL is not diagonal and it can be written as,

CL = c(ξV5DĈNV †
5D + Ĉe) , (15)

where ĈN ≡ dŶνŶ †
ν and Ĉe ≡ aŶeŶ †

e are diagonal. The eigevalues of CL give the zero

mode localization of the SU(2)L doublets along the fifth dimension. Eq. (15), which results

from the MFV assumption, leads to a set of conditions that constrain the 5D bulk mass

parameters.

The non-diagonal term in Eq. (15) is the source of the FCNC in the charged lepton

sector. Because this term is proportional to ξ, the size of the contributions to FCNC is thus

determined by the value of ξ, which turns out to be small to accommodate realistic lepton

masses, as we show below. Because Eq. (15) involves the unknown mixing matrix V5D, to
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the bulk mass matrices for the lepton doublets and sin-
glets are aligned with the 5D Yukawa coupling Ye as

CL = bYeY
†
e , Ce = aY †

e Ye , (2)

where a and b are O(1) parameters1. With U(3)L×U(3)e

global flavor symmetry, we can select a basis such that
Ye is in the diagonal form, Ŷe. In this basis, both bulk
mass matrices Ce = aŶ †

e Ŷe and CL = bŶeŶ †
e are diagonal

and thus all leptonic flavor violation vanish.
We next show that the MFV assumption in Eq. (2)

can indeed gives rise to realistic charged lepton masses.
In the brane Higgs case2, the charged lepton masses are
given by ml " vFLYeFe, where v = 174 GeV, and FL and
Fe are the values of the zero-mode profiles on the TeV
brane for the lepton doublets and singlets, respectively.
The eigenvalues of FL and Fe are given by

fLi
=

√

1 − 2cLi

1 − ε1−2cLi
, fei

=

√

1 − 2cei

1 − ε1−2cei
(3)

where ε = e−πkrc " 10−15 and cLi
and cei

are
the eigenvalues of the 5D bulk mass matrices CL

and Ce. As shown above, the matrices Ye, CL

and Ce can be diagonal simultaneously due to the
MFV assumption. In the diagonal basis, Ye =
diag(Ye1

, Ye2
, Ye3

), CL = diag(b|Ye1
|2, b|Ye2

|2, b|Ye3
|2)

and Ce = diag(a|Ye1
|2, a|Ye2

|2, a|Ye3
|2). Without loss

of generality, we choose a = 1 and b = 1. With the val-
ues of Ye1

" 0.816, Ye2
" 0.759 and Ye3

" 0.720, the
following realistic charged lepton masses are obtained,
me " 0.511 MeV, mµ " 105.6 MeV and mτ " 1.77 GeV.

Massive Neutrino Case. To accommodate massive
neutrinos and lepton mixing, we introduce three right-
handed neutrinos (RH) in the model. The RH neutrinos
reside in different SU(2)R doublets [6] from those that
contain the iso-spin singlet charged leptons. The RH
neutrinos couple to the lepton doublets to form Dirac
mass terms through the Yukawa coupling Yν . The rele-
vant Lagrangian in this case is given by

Llep
5D ⊃ LCLL + eCee + NCNN + H LYee + HLYνN .(4)

The smallness of neutrino masses is then archived by lo-
calizing the RH neutrinos close to the Planck brane such
that their overlap with the lepton doublets is small.

With the MFV assumption, the 5D bulk mass matrices
are related to the 5D Yukawa couplings as

Ce = aY †
e Ye, CN = dY †

ν Yν , CL = c(ξYνY †
ν + YeY

†
e ) ,(5)

1 For simplicity, we omit flavor symmetry invariant identity contri-
butions to the 5D mass parameters. Including these terms does
not change our conclusions.

2 In our numerical study, we assume the brane Higgs limit. Our
results can be easily extended to the bulk Higgs case [18].

where a, d, c are O(1) parameters and CN is the bulk
mass term for the RH neutrinos. With three RH neutri-
nos, the global flavor symmetry is U(3)L×U(3)e×U(3)N ,
with which one can rotate to a basis where either Ye or
Yν is diagonal. In the following analysis, we work in the
basis in which Ye is diagonal and it is denoted by Ŷe. In
this basis, Yν can be written as Yν = V5DŶν , where V5D

is the 5D leptonic mixing matrix. All flavor mixing in
the lepton sector are generated by V5D. In this basis,
both Ce and CN are diagonal. However, due to the term
which is proportional to the parameter ξ, the 5D bulk
mass matrix CL is not diagonal and it can be written as,

CL " (ξV5DĈNV †
5D + Ĉe) , (6)

where ĈN ≡ dŶν Ŷ †
ν and Ĉe ≡ aŶeŶ †

e are diagonal. To
get Eq. (6), we have assumed a " c " d. The eigenvalues
of CL give the zero mode localizations of the SU(2)L

doublets along the fifth dimension. Eq. (6), which results
from the MFV assumption, leads to a set of conditions
that constrain the 5D bulk mass parameters.

The non-diagonal term in Eq. (6) is the source of the
FCNC in the charged lepton sector. Because this term is
proportional to ξ, the size of the contributions to FCNC
is thus determined by the value of ξ, which turns out to
be small in order to accommodate realistic lepton masses,
as we show below. Because Eq. (6) involves the unknown
mixing matrix V5D, to estimate the value of ξ, we take
the trace on both sides of Eq. (6)

Tr(CL) " c(ξTr(CN ) + Tr(Ce)) , (7)

where we have replaced ĈN,c with CN,e as trace is in-
variant under the basis transformation. To get realistic
charged lepton masses, cLi

and cei
are in the range of

(0.4 − 0.6). To accommodate small neutrino masses, the
RH neutrinos must be localized near the Planck brane,
and thus cNi

are in the range of (1.2−1.5). To satisfy the
conditions in Eq. (6), ξ must be in the range of (0−0.1).
As a result, all FCNC mediated by (V −A)×(V +A) type
operators in the charged lepton sector are suppressed by
a factor of O(ξ2) = (0 − 0.01). For (V − A) × (V − A)
operators, the suppression factor is O(ξ4). In the limit
ξ = 0, all FCNC vanish and the only sources of flavor
violation processes are the charged current interactions
as in the SM. When ξ &= 0, non-diagonal CL causes tree-
level FCNC. This is sometimes referred to as the “next
to minimal flavor violation” (NMFV).

The connection between small neutrino masses and the
strong suppression of FCNC appears at first to depend
crucially on the assumption that c >

∼ d. As it turns out,
small neutrino masses still implies small ξ, even for c < d.
This is because by increasing d, the 5D Yukawa Yν has to
decrease to get the right neutrino masses. In this case,
the suppression of FCNC is due to the small Yukawa
couplings, which is again required by the smallness of
the neutrino masses. Note that in the limit Yν → 0,
there is no FCNC in the case with MFV assumption.
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are related to the 5D Yukawa couplings as
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where a, d, c are O(1) parameters and CN is the bulk
mass term for the RH neutrinos. With three RH neutri-
nos, the global flavor symmetry is U(3)L×U(3)e×U(3)N ,
with which one can rotate to a basis where either Ye or
Yν is diagonal. In the following analysis, we work in the
basis in which Ye is diagonal and it is denoted by Ŷe. In
this basis, Yν can be written as Yν = V5DŶν , where V5D

is the 5D leptonic mixing matrix. All flavor mixing in
the lepton sector are generated by V5D. In this basis,
both Ce and CN are diagonal. However, due to the term
which is proportional to the parameter ξ, the 5D bulk
mass matrix CL is not diagonal and it can be written as,

CL " (ξV5DĈNV †
5D + Ĉe) , (6)

where ĈN ≡ dŶν Ŷ †
ν and Ĉe ≡ aŶeŶ †

e are diagonal. To
get Eq. (6), we have assumed a " c " d. The eigenvalues
of CL give the zero mode localizations of the SU(2)L

doublets along the fifth dimension. Eq. (6), which results
from the MFV assumption, leads to a set of conditions
that constrain the 5D bulk mass parameters.

The non-diagonal term in Eq. (6) is the source of the
FCNC in the charged lepton sector. Because this term is
proportional to ξ, the size of the contributions to FCNC
is thus determined by the value of ξ, which turns out to
be small in order to accommodate realistic lepton masses,
as we show below. Because Eq. (6) involves the unknown
mixing matrix V5D, to estimate the value of ξ, we take
the trace on both sides of Eq. (6)

Tr(CL) " c(ξTr(CN ) + Tr(Ce)) , (7)

where we have replaced ĈN,c with CN,e as trace is in-
variant under the basis transformation. To get realistic
charged lepton masses, cLi

and cei
are in the range of

(0.4 − 0.6). To accommodate small neutrino masses, the
RH neutrinos must be localized near the Planck brane,
and thus cNi

are in the range of (1.2−1.5). To satisfy the
conditions in Eq. (6), ξ must be in the range of (0−0.1).
As a result, all FCNC mediated by (V −A)×(V +A) type
operators in the charged lepton sector are suppressed by
a factor of O(ξ2) = (0 − 0.01). For (V − A) × (V − A)
operators, the suppression factor is O(ξ4). In the limit
ξ = 0, all FCNC vanish and the only sources of flavor
violation processes are the charged current interactions
as in the SM. When ξ &= 0, non-diagonal CL causes tree-
level FCNC. This is sometimes referred to as the “next
to minimal flavor violation” (NMFV).

The connection between small neutrino masses and the
strong suppression of FCNC appears at first to depend
crucially on the assumption that c >

∼ d. As it turns out,
small neutrino masses still implies small ξ, even for c < d.
This is because by increasing d, the 5D Yukawa Yν has to
decrease to get the right neutrino masses. In this case,
the suppression of FCNC is due to the small Yukawa
couplings, which is again required by the smallness of
the neutrino masses. Note that in the limit Yν → 0,
there is no FCNC in the case with MFV assumption.



Conclusions

• RS model: provides novel way to generate fermion mass hierarchy

• additional sources of flavor violation: the bulk parameters

• leads to tree-level FCNC

• tension between tree- and one-loop contributions

• generically, Λ > O(10) TeV

• with Minimal Flavor Violation: 

• tree-level FCNCs suppressed due to small neutrino masses

• massless neutrino limit: NO tree-level FCNCs

• solutions exist that give realistic lepton masses and mixing angles

• 1st KK mass ~ 3 TeV allowed

• viable solution to gauge hierarchy problem 

• testability at collider experiments


